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CHAPTER 5: Fuel Standard Feasibility

In this chapter, we present an analysis of the feasibility of complying with the fuel program
adopted in this final rule, including a discussion of the technology used to desulfurize and
distribute ultra low diesel fuel. In Section 5.1, we discuss the sources of the blendstocks which
comprise diesel fuel and summarize their reported sulfur levels. In Section 5.2, we present and
evaluate a wide variety of distillate desulfurization technologies that refiners might use to meet
the 500 and 15 ppm sulfur caps. In Section 5.3, we formally assess the technical feasibility of
meeting the 500 ppm sulfur cap in 2007, including the sufficiency of the lead time for refiners.
In Section 5.4, we assess the technical feasibility meeting the 15 ppm sulfur cap, including the
sufficiency of lead time for refiners. In Section 5.5, we assess the feasibility of distributing 500
and 15 ppm sulfur fuel. In Section 5.6, we assess the feasibility of using a marker in heating oil.
In Section 5.7, we evaluate the impacts of this program and other sulfur control regulations on
the engineering and construction industry. In Section 5.8 we assess the impacts of this program
on the supply of NRLM diesel fuel. In Section 5.9 we discuss how hydro-desulfurization is
expected to affect NRLM diesel fuel properties other than sulfur. Finally, in Chapter 5.10 we
assess how properties other than sulfur will be impacted by desulfurizing NRLM diesel fuel. At
the end of Chapter 5 we include an Appendix summarizing EPA’s authority for adopting NRLM
sulfur standards.

5.1 The Blendstocks and Properties of Non-Highway Diesel Fuel
5.1.1 Blendstocks Comprising Non-highway Diesel Fuel and their Sulfur Levels

The primary sources of sulfur in diesel fuel are the sulfur-containing compounds that occur
naturally in crude oil.* Depending on the source, crude oil contains anywhere from fractions of
a percent of sulfur, such as less than 0.05 weight percent (500 ppm) to as much as several weight
percent.! The average amount of sulfur in crude oil refined in the United States is about one
weight percent.> Most of the sulfur in crude oil is in the heaviest boiling fractions. Since most
of the refinery blendstocks that are used to manufacture diesel fuel come from the heavier
boiling components of crude oil, they contain substantial amounts of sulfur.

The distillate® produced by a given refinery is composed of one or more blendstocks from
crude oil fractionation and conversion units at the refinery. Refinery configuration and
equipment, and the types and relative volumes of products manufactured (the product slate) can

A Additives that contain sulfur are sometimes intentionally added to diesel fuel. For a discussion how the
addition of these additives will be affected under this program, see Section IV.D.5.

B Distillate refers to a broad category of fuels falling into a specific boiling range. Distillate fuels have a heavier
molecular weight and therefore boil at higher temperatures than gasoline. Distillate includes diesel fuel, kerosene
and home heating oil. For the purposes of this discussion, we will focus on No. 2 distillate, which comprises the
majority of diesel fuel and heating oil.
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Figure 5.1-1
Diagram of a Typical Complex Refinery
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significantly affect the sulfur content of diesel fuel. The diagram on the following page

illustrates the configuration and equipment used at a typical complex refinery in the United
States.

Refineries differ from the model in the preceding diagram depending on the characteristics of

the crude oils refined, and their product slate, as illustrated in the following examples:

- Refineries that process lighter crude oils are less likely to have coker and hydrocracker
units.

- Refinery streams that can be used to manufacture diesel fuel can also be used to
manufacture heating oil, kerosene, and jet fuel. Much of the distillate product from the
hydrocracker is often blended into jet fuel rather than diesel fuel; current highway
regulations generally require that a refinery have a hydrotreater, which is usually not
necessary if the refinery produces only high sulfur non-highway diesel fuel.

On an aggregate basis, most of the distillate manufactured in the United States comes from
the crude fractionation tower (called straight-run or SR). Most of the remainder comes from the

fluid catalytic cracker (FCC) conversion unit (called light cycle oil or LCO). The remaining
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small fraction of diesel fuel volume comes from a coker conversion unit or other units that crack
heavy compounds such as a visbreaker or steam cracker (called other cracked stocks in this
document), or from the hydrocracker conversion unit (called hydrocrackate).

To comply with the current federal regulatory requirement on the sulfur content of highway
diesel fuel (500 ppm cap), the blendstock streams from these process units are typically further
processed to reduce their sulfur content. Desulfurization of highway diesel blendstocks to meet
the 500 ppm cap is accomplished in fixed-bed hydrotreaters that operate at moderate pressures
(500 to 800 psi and higher).’ Nearly all the low-sulfur diesel blendstocks come from such
hydrotreaters. However, a small amount of low-sulfur diesel also comes from hydrocrackers
operating at pressures of 500 to 3000 psi, although most operate at 1500 to 3000 psi, which
naturally produces distillate fuel with sulfur levels of 100 ppm or less.

To comply with applicable non-highway sulfur requirements which range from 2000 to 5000
ppm, or the 40 cetane standard for nonroad, locomotive and marine diesel fuel, some of the
distillate blendstocks used to produce non-highway diesel fuel and heating oil are hydrotreated.
A significant amount of hydrocracked distillate is also blended into non-highway diesel fuel and
heating oil. As discussed in Chapter 7, the use of hydrotreated blendstocks in non-highway
diesel fuel has important implications for the cost of desulfurizing NRLM diesel fuel.

The distillate blendstocks used to produce non-highway diesel fuel and their sulfur content
vary considerably from refinery to refinery. A survey conducted by the American Petroleum
Institute (API) and National Petroleum Refiners Association (NPRA) in 1996 examined the
typical blendstock properties for the U.S. highway and the non-highway diesel pools.* The
results of this survey for the non-highway distillate pool are in Table 5.1-1.
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Table 5.1-1
Average Composition and Sulfur Content of the
Non-highway Distillate Pool Outside of California in 1996

Type of Distillate Diesel Blendstock Percentage Sulfur Content
Stream (ppm)
Straight-Run 45 2274
Unhydrotreated Light Cycle Oil (LCO) 12 3493
Coker Gas Oil 1 2345
Unhydrotreated Subtotal 58 -
Hydrotreated Straight-Run 18 353
Hydrotreated LCO 10 1139
Hydrotreated Hydrotreated Coker Gas Oil 4 270
Hydrocrackate 10 115
Hydrotreated Subtotal 42 -
Total 100 -

As shown in Table 5.1-1, approximately 42 percent of all blendstocks used to manufacture
non-highway distillate outside of California are hydrotreated to reduce their sulfur content. This
includes hydrocrackate (10 percent of the non-highway distillate pool), which is desulfurized to a
substantial extent as a necessary element of the hydrocracking process and is not further
processed in a hydrotreater. Table 5.1-1 also shows that approximately 58 percent of non-
highway distillate comes from nonhydrotreated blendstocks. As expected, the sulfur levels of
the hydrotreated blendstocks are lower than the nonhydrotreated distillate blendstocks.

In Chapter 7 of the RIA we use this blendstock information as one of the input parameters for
estimating the relative difficulty and ultimately the cost for desulfurizing diesel fuel. The 1996
data is an important input for our cost analysis, and we update the mix of blendstocks to 2002
based on changes in relative unit capacities.

5.1.2 Current Levels of Other Fuel Parameters in Non-highway Distillate

It is useful to review other qualities of high-sulfur distillate, as well as sulfur content. First,
some of the desulfurization technologies affect these other fuel properties. Second, as discussed
further below, some sulfur compounds are more difficult to treat than others. In some cases,
refiners might try to shift these more difficult compounds to fuels that face less stringent sulfur
standards. Their ability to do this depends, not only on the economics of doing so, but also on
the effect of such shifts on nonsulfur properties and whether or not these other properties still
meet industry specifications. Thus, it is helpful to evaluate the degree to which current non-
highway distillate fuels meet or exceed applicable industry standards.
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Data on the current distillation characteristics, API gravity, pour point, natural cetane level,
and aromatics content of diesel fuel blendstocks are in Table 5.1-2.

(Data from 1997 API/NPRA Survey unless specified)

Table 5.1-2
Average Non-highway Distillate Fuel Property Levels by Geographic Area®’

Fuel Parameter PADD1 | PADD2 | PADD 3 | PADD 4 PADD 5 U.S. CA
(CA Excluded) | (CA Excluded)
API Gravity 32.6 34.1 32.6 35.6 33.8 32.8 30.8
Cetane Number® N/A N/A N/A N/A N/A 47 N/A
e | s o e | e | |
i‘é‘gi gé’;‘};];;%‘;ssam 0 71 0 13 0 18 0
T10 434 425 418 411 466 419 498
T30 492 476 457 443 517 464
DiSﬁ(Ll;t)ion T50 517 508 502 499 542 503 556
T70 545 558 536 522 570 539
T90 613 604 598 591 616 595 620

* From 1997 NIPER/TRW survey data, U.S. average includes California. N/A means not available.

The American Society for Testing Materials (ASTM) has established requirements that apply
to No. 2 non-highway diesel fuel, as well as for No. 2 distillate fuel (e.g., heating oil).® The
requirements most relevant to desulfurization are summarized in Table 5.1-3.

Table 5.1-3
ASTM Requirements that Apply to Non-Highway Distillate Fuels
No. 2 Diesel Fuel No. 2 Fuel Oil/Heating | No. 2 Marine Distillate
(Non-highway) Oil (DMA)
T-90 Min °F 540 540 —
T-90 Max °F 640 640 —
Density max (g/cm?) (API Gravity min) None 0.876 (30.0) 0.890 (27.5)
Pour Point max °F 21.2 21.2
Cloud Point °F 46 to -0.4
Sulfur max (ppm) 5000 5000
Cetane Number min 40 40
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Comparing Tables 5.1-2 and 5.1-3 shows that the average properties of current non-highway
distillate are within the ASTM requirements, and for some properties, well within requirements.
For example, except for California, the T90 of current non-highway diesel fuel is 25-40°F below
the maximum allowed. The average cetane number of all non-highway distillate is well above
the minimum of 40. Finally the pour point is well below the maximum allowed for fuel
oil/heating oil and marine distillate fuel. One exception is that the API gravity of non-highway
distillate fuel in PADDs 1 and 3, which includes the heating oil used in the Northeast, is just
above the minimum.

While refiners might try to perform such shifts in blendstocks between fuels, note that we did
not assume refineries would be shifting blendstocks between various distillate fuels to reduce the
compliance costs associated with the NRLM diesel fuel sulfur standards. Instead, we projected
the use of desulfurization techniques that will be sufficient to meet the new sulfur standards
without shifting more difficult-to-treat sulfur compounds to other fuels. This approach appeared
reasonable, given that we were evaluating the potential of over 100 refineries currently
producing non-highway distillate fuel to reduce sulfur in NRLM diesel fuel. The ability to shift
blendstocks between fuels to reduce costs is very refinery-specific and difficult to estimate on
average across a wide range of refineries. Also, two primary types of shifts are possible and
both have limits. One approach is to shift the heaviest portion of selected blendstocks such as
LCO to the bunker or residual fuel pool, avoiding the need to desulfurize this material.
However, the market for these heavy fuels is limited and on a national basis, this approach is
generally not economically feasible. The other approach is to shift these difficult-to-treat
streams and portions of streams to heating oil, which can meet less stringent sulfur standards.
This would likely require the addition of additional product tankage and require more refineries
to produce lower-sulfur NRLM diesel fuel. The material being shifted to heating oil could still
require additional desulfurization to ensure that ASTM and state standards were still being met.
Thus, there would be a cost trade-off, not just a cost reduction. Again, given the national scale
of this analysis, we decided to avoid the projection of such shifts and limit our analysis to the
desulfurization of current non-highway diesel fuel blendstocks. In this regard, our cost analysis
as presented in Chapter 7 can be viewed as somewhat conservative.

5.2 Evaluation of Diesel Fuel Desulfurization Technology
5.2.1 Introduction to Diesel Fuel Sulfur Control

As mentioned in Section 5.1, the sulfur in diesel fuel comes from the crude oil processed by
the refinery. One way to reduce the amount of sulfur in diesel fuel is therefore to process a crude
oil that is lower in sulfur. Some refiners already do this. Others could switch to low- or at least
lower-sulfur crude oils. However, there is limited capability worldwide to produce low-sulfur
crude oil. While new oil fields producing light, sweet crude oil are still being discovered, most
of the new crude oil production being brought on-line is heavier, more sour (i.e., higher sulfur)
crude oils. The incentive to use low-sulfur crude oils has existed for some time and low-sulfur
crude oils have traditionally commanded a premium price relative to higher-sulfur crude oils.
While a few refiners with access to lower-sulfur crude oil might reduce their diesel sulfur levels
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this way, it is not feasible for most, let alone all U.S. refiners to switch to low-sulfur crude oils to
meet a tighter diesel fuel sulfur standard. In addition, while helpful, a simple change to a low-
sulfur crude oil may fall short of complying with the 500 ppm sulfur standard, and certainly fall
short of the 15 ppm sulfur standard. Thus, changing to a sweeter crude oil was not considered
viable for complying with the nonroad, locomotive, and marine diesel sulfur standards.

A method to reduce diesel fuel sulfur much more significantly is to chemically remove sulfur
from the hydrocarbon compounds that comprise diesel fuel. This is usually accomplished
through catalytically reacting the diesel fuel with hydrogen at moderate to high temperature and
pressure over a fixed bed of hydrotreating catalyst. Two specific examples of this process are
hydrotreating and hydrocracking. A modified version of hydrotreating that operates solely in the
liquid state is now available by Process Dynamics. Another process licensed by Conoco-Phillips
uses a moving bed catalyst to both remove and adsorb the sulfur using hydrogen at moderate
temperature and pressure. There are other low-temperature and low-pressure processes being
developed that don’t rely on hydrotreating, such as chemical oxidation. Sulfur can be removed
via these processes up front in the refinery, such as from crude oil, before being processed in the
refinery into diesel fuel. Or, sulfur can be removed from individual refinery streams that are to
be blended directly into diesel fuel. Finally, another method to moderately reduce diesel fuel
sulfur is to shift sulfur-containing hydrocarbon compounds to other fuels produced by the
refinery.

After careful review of all these approaches, we expect that the sulfur reduction required by
the 500 ppm sulfur standard will occur through chemical removal via conventional
hydrotreating. For complying with the 15 ppm cap for NRLM diesel fuel, we expect it will be
met primarily through liquid-phase hydrotreating, which is an emerging advanced
desulfurization technology. This section will begin with a relatively detailed discussion of the
capabilities of these various processes. Refiners may use the other methods to obtain cost-
effective sulfur reductions that will complement the primary sulfur reduction achieved via
hydrotreating. These other methods, such as FCC feed hydrotreating, adsorption and chemical
oxidation are discussed following the primary discussion of distillate hydrotreating and liquid-
phase hydrotreating. Another means for aiding the desulfurization of diesel fuel, particularly to
comply with the 15 ppm standard, is undercutting, which removes the most difficult-to-treat
sulfur compounds. Since undercutting can help ease the task of complying with the 15 ppm
standard for any of the desulfurization technologies, we provide a discussion of undercutting
below.

5.2.2 Conventional Hydrotreating

Hydrotreating generally combines hydrogen with a hydrocarbon stream at high temperature
and pressure in the presence of a catalyst. Refineries currently employ a wide range of these
processes for various purposes. For example, naphtha (gasoline-like material that does not meet
gasoline specifications, such as octane level) being fed to the refinery reformer is always
hydrotreated to remove nearly all sulfur, nitrogen and metal contaminants that would deactivate
the noble metal catalyst used in the reforming process. Similarly, feed to the FCC unit is often
hydrotreated to remove most of the sulfur, nitrogen and metal contaminants to improve the yield
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and quality of high value products, such as gasoline and distillate, from the FCC unit. Refineries
currently producing highway diesel fuel to the 500 ppm standard hydrotreat their distillate to
remove much of the sulfur present and to improve the cetane. That same unit or another
hydrotreating unit in the refinery also hydrotreats some of the refinery streams used to blend up
non-highway distillate. We expect that nearly all refiners will hydrotreat the naphtha produced
by the FCC unit to remove most of the sulfur present to comply with the Tier 2 gasoline sulfur
standards.’

If the temperature or pressure is increased sufficiently and if a noble metal catalyst is used,
hydrotreating can more dramatically affect the chemical nature of the hydrocarbons, as well as
remove contaminants. For example, through a process called hydrocracking, smaller, lighter
molecules are created by splitting larger, heavier molecules. In the process, nearly all the
contaminants are removed and olefins and aromatics are saturated into paraffins and naphthenes.
Outside the United States, this process is commonly used to produce distillate from heavier, less
marketable refinery streams. In the United States the hydrocracker is most often used to produce
gasoline from poor quality distillate, such as LCO from the FCC unit.

A few refineries also currently hydrotreat their distillate more severely than is typical, but not
as severely as hydrocracking. Their intent is to remove the sulfur, nitrogen and metallic
contaminants and to also saturate most of the aromatics present. This is done primarily in
Europe to meet very stringent specifications for both sulfur and aromatics applicable to certain
diesel fuels and encouraged by reduced excise taxes. This severe hydrotreating process is also
used in the United States to “upgrade” petroleum streams that are otherwise too heavy or too low
in quality to be blended into the diesel pool, by cracking some of the material to lower molecular
weight compounds and saturating some of the aromatics to meet the distillation and cetane
requirements. A different catalyst that encourages aromatic saturation is used instead of one that
simply encourages contaminant removal.

To meet the 500 ppm and the 15 ppm sulfur standards, we expect refiners to focus as much
as possible on sulfur removal. Other contaminants, such as metals, are already sufficiently
removed by existing refinery processes. While saturation of aromatics generally improves
cetane, the cetane numbers of current nonroad, locomotive, and marine diesel fuels are typically
already sufficient to comply with the applicable ASTM standards. Thus, refiners want to avoid
saturating aromatics to avoid the additional cost of increased hydrogen consumption.
Consequently, we anticipate refiners will choose desulfurization processes that minimize the
amount of aromatics saturation. Current diesel fuel already meets all applicable specifications;
hydrotreating to remove sulfur should not degrade quality, except possibly lubricity, as discussed
in Section 5.9.1. Thus, with this one exception, there should be no need to improve diesel fuel
quality as a direct result of this new diesel sulfur standard. Refiners choosing to improve fuel
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quality would be focusing on improved profitability, rather than meeting the 15 ppm sulfur
standard.©

5.2.2.1 Fundamentals of Distillate Hydrotreating

Almost all distillate hydrotreater designs follow the same broad format. Liquid distillate fuel
is heated to temperatures of 300 to 380°C, pumped to pressures of 500 to 700 psia, mixed with
hydrogen, and passed over a catalyst. Hydrogen reacts with sulfur and nitrogen atoms contained
in the hydrocarbon molecules, forming hydrogen sulfide and ammonia. The resulting vapor is
then separated from the desulfurized distillate. The desulfurized distillate is usually simply
mixed with other distillate streams in the refinery to produce diesel fuel and heating oil.

The vapor coming off the reactor still contains a lot of valuable hydrogen, because the
reaction requires the use of a significant amount of excess hydrogen to operate efficiently and
practically. However, the vapor also contains a significant amount of hydrogen sulfide and
ammonia, which inhibit the desulfurization and denitrogenation reactions and must be removed
from the system. Thus, the hydrogen leaving the reactor is usually mixed with fresh hydrogen
and recycled to the front of the reactor for reaction with fresh distillate feed. This would cause a
build up of hydrogen sulfide and ammonia in the system, since it has no way to leave the system.
In some cases, the hydrogen sulfide and ammonia are chemically scrubbed from the hydrogen
recycle stream. In other cases, a portion of the recycle stream is simply purged from the system
as a mixture of hydrogen, hydrogen sulfide and ammonia. The latter is less efficient since it
leads to higher levels of hydrogen sulfide and ammonia in the reactor, but it avoids the cost of
building and operating a hydrogen sulfide scrubber.

Current desulfurization processes in the United States generally use only one reactor, due to
the need to desulfurize diesel fuel only to 500 ppm or slightly lower. However, for diesel
upgrading reactions or for deeper desulfurization reactions, a second reactor can be used.
Instead of liquid distillate fuel going to the diesel fuel/heating oil pool after the first reactor, it
would be stripped of hydrogen sulfide and ammonia and mixed with fresh hydrogen and sent to
the second reactor, which is also called a second stage, after the inter stage stripping that occurs.

Traditional reactors are cocurrent in nature. The hydrogen is mixed together with the
distillate at the entrance to the reactor and flow through the reactor together. Because the
reaction is exothermic, heat must be removed periodically. This is sometimes done through the
introduction of fresh hydrogen and distillate fuel in the middle of the reactor. The advantage of
cocurrent design is practical as it eases the control of gas-liquid mixing and contact with the
catalyst. The disadvantage is that the concentration of hydrogen is the highest at the front of the
reactor where the easiest to remove sulfur compounds are highest in concentration and lowest at
the outlet where the hardest to remove sulfur compounds are highest in concentration. The

© Refiners can choose to “upgrade” heavy refinery streams that do not meet the cetane and distillation
requirements for highway diesel fuel. The process for doing so is also called ring opening, since one or more of the
aromatic rings of heavy, aromatic molecules are opened up, improving the value of the stream. Upgrading the heavy
refinery streams to highway diesel fuel improves the stream’s market price by 10 - 30 c/gal.
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opposite is true for the concentration of hydrogen sulfide. This increases the difficulty of
achieving extremely low sulfur levels due to the low hydrogen concentration and high hydrogen
sulfide concentration at the end of the reactor.

The normal solution to this problem is to design a counter-current reactor, where the fresh
hydrogen is introduced at one end of the reactor and the liquid distillate at the other end. Here,
the hydrogen concentration is highest (and the hydrogen sulfide concentration is lowest) where
the reactor is trying to desulfurize the most difficult (sterically hindered) compounds. The
difficulty of counter-current designs in the case of distillate hydrotreating is vapor-liquid contact
and the prevention of hot spots within the reactor. The SynAlliance (Criterion Catalyst Corp.,
and Shell Oil Co.) has patented a counter-current reactor design called SynTechnology. With
this technology, in a single reactor design, the initial portion of the reactor will follow a co-
current design, while the last portion of the reactor will be counter-current. In a two reactor
design, the first reactor could be co-current, while the second reactor could be counter-current.

ABB Lummus estimates that the counter-current design can reduce the catalyst volume
needed to achieve 97 percent desulfurization by 16 percent relative to a co-current design.'® The
impact of the counter-current design is even more significant when aromatics reduction (or
cetane improvement) is desired in addition to sulfur control.

Sulfur-containing compounds in distillate can be classified according to the ease with which
they are desulfurized. Sulfur contained in paraffins or aromatics with a single aromatic ring are
relatively easy to desulfurize. These molecules are sufficiently flexible so the sulfur atom is in a
geometric position where it can make physical contact with the surface of the catalyst. The more
difficult compounds are contained in aromatics consisting of two aromatic rings, particularly
dibenzothiophenes. Dibenzothiophene contains two benzene rings that are connected by a
carbon-carbon bond and two carbon-sulfur bonds (both benzene rings are bonded to the same
sulfur atom). This compound is nearly flat in nature and the carbon atoms bound to the sulfur
atom hinder the approach of the sulfur atom to the catalyst surface. Despite this, current
catalysts are very effective in desulfurizing dibenzothiophenes, as long as only hydrogen is
attached to the carbon atoms bound directly to the sulfur atom.

Distillate fuel, however, can contain dibenzothiophenes that have methyl or ethyl groups
bound to the carbon atoms, which are in turn bound to the sulfur atom. These extra methyl or
ethyl groups further hinder the approach of the sulfur atom to the catalyst surface.
Dibenzothiophenes with such methyl or ethyl groups are commonly referred to as being
sterically hindered. An example of a dibenzothiophene with a single methyl or ethyl group next
to the sulfur atom is 4-methyl dibenzothiophene. An example of a dibenzothiophene with two
methyl or ethyl groups next to the sulfur atom is 4,6-dimethyl dibenzothiophene. In 4,6-
dimethyl dibenzothiophene, and similar compounds, the presence of a methyl group on either
side of the sulfur atom makes it very difficult for the sulfur atom to react with the catalyst
surface to assist the hydrogenation of the sulfur atom.

Most straight-run distillates contain relatively low levels of these sterically hindered
compounds. LCO contains the greatest concentration of sterically hindered compounds, while

5-10



Fuel Standard Feasibility

other cracked distillate streams from the coker and the visbreaker contain levels of sterically
hindered compounds in concentrations between straight-run and LCO. Thus, LCO is generally
more difficult to desulfurize than coker distillate, which is in turn more difficult to treat than
straight-run distillate."" In addition, cracked stocks, particularly LCO, have a greater tendency to
form coke on the catalyst, which deactivates the catalyst and requires its regeneration or
replacement.

The greater presence of sterically hindered compounds in LCO is related to two fundamental
factors. First, LCO contains much higher concentrations of aromatics than typical straight run
distillate.'> All sterically hindered compounds are aromatics. Second, the chemical equilibria
existing in cracking reactions favors the production of sterically hindered dibenzothiophenes
over unsubstituted dibenzothiophenes. For example, in LCO, methyl substituted aromatics are
twice as prevalent as unsubstituted aromatics. Di-methyl aromatics are